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ABSTRACT 
 
In tribology (the study of friction, wear, and lubrication), it is known that micro-textured 
surfaces can reduce friction due to decreased contact area between two surfaces. The problem 
with many micro-textures, however, is their inability to withstand significant amounts of wear, 
thus limiting their potential uses and overall effectiveness. In this study, connected and isolated 
microstructures of SU8, a negative tone photoresist, coated with and without diamond-like 
carbon (DLC), were designed to investigate the effects of these microstructures and DLC coating 
on the tribological performance of a surface. Friction and wear studies were conducted using a 
tribometer; surface topography and wear were characterized by scanning electron microscopy 
(SEM), optical microscope, and contact profilometry. Results indicate that the coefficient of 
friction and surface wear were significantly reduced by texturing the surface with connected 
microstructures coated with DLC. Therefore, these microstructures show potential to be used for 
tribological applications.         
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Introduction 
Over the past several years, there has been a significant expansion in the field of complex 
micro and nano-devices. Commercially, many of these devices are used as sensors, such as 
accelerometers for airbag deployment in automobiles. There is a wide variety of uses in 
consumer, military, and even biomedical applications (Zhang, Tan, & Gong, 2001). Tribological 
issues, such as friction and wear, have become key factors in determining the functionality and 
reliability of micro-devices. As systems become smaller, even relatively minute frictional forces 
can prevent the proper operation of moving parts, resulting in system failure. As the applications 
of micro and nanotechnologies increase, it is imperative that the friction and wear of these 
miniaturized devices is curtailed due to their governing nature at the micro-scale.  
Silicon (Si) is the most widely used material in micro and nano-devices. Its hydrophilic 
nature causes high adhesion between microstructures due to large meniscus forces. It is also 
brittle and cannot withstand applied normal and shearing loads (Williams & Le, 2006).  These 
characteristics translate into Si’s relatively poor tribological characteristics, thus creating a need 
to develop surfaces with enhanced tribological properties such as reduced friction and increased 
wear resistance (Liu, Ahmed, & Scherge, 2001; Yoon, Singh, Oh, & Kong, 2005). 
Recently, polymers have been studied for use in microsystems because of their low 
friction, corrosion resistance, and easy fabrication characteristics (Blanco Carballo, Melai, Salm, 
& Schmitz, 2009; He, Chen, & Wang, 2008; Li, Liu, & Chen, 2005; Yoon et al., 2006). SU8, a 
negative tone photoresist, has taken the place of Si in novel micro and nanosystems; the reason 
for this change being that SU8 offers many benefits such as hydrophobicity, biocompatibility, 
and structural strength (Abgrall, Conedera, Camon, Gue, & Nguyen, 2007; Foulds & 
Parameswaran, 2006; Lorenz et al., 1997; Seidemann, Butefisch, & Buttgenbach, 2001). SU8 
can easily be fabricated into various patterns using photolithography.  It contains a Bisphenol A 
Novolak epoxy oligomer and triarysulfonium hexafluroantimonate salt (Del Campo & Greiner, 
2007; Lorenz et al., 1997). Each molecule contains eight reactive epoxy groups, which create a 
large degree of cross-linking within the polymer once exposed to UV light and developed. This 
in turn generates strong mechanical, as well as thermal, stability for the SU8 structure (Del 
Campo & Greiner, 2007). Researchers have found that while SU8 might be very practical for the 
structural components of microsystems, its tribological characteristics could benefit from 
improvement, such as adding nanoparticles or texturing the surface (Jiguet, Judelewicz, 
Mischler, Bertch, & Renaud, 2006; Jiguet, Bertsch, Judelewicz, Hofmann, & Renaud, 2006; 
Seidemann et al., 2001).    
Surface texturing has been studied extensively to enhance the tribological properties of 
engineered surfaces (Due, Na, Yang, Kim, &, Yoon, 2009; He et al., 2008; Morton, Wang, 
Fleming, & Zou, 2011; Yoon et al., 2006; Zou, Seale, & Wang, 2005; Zou, Cai, Wang, Yang, & 
Wyrobek, 2005; Zou et al., 2006). It is well known that textured surfaces are beneficial in that 
they reduce the levels of adhesion and frictional forces due to the decreased areas of contact 
between two surfaces (Due et al., 2009; He et al., 2008; Menezes, Kishore, Kailas, & Lovell, 
2010; Singh et al., 2007; Singh, Duc-Cuong, Kim, Yang, & Yoon, 2009; Zou et al., 2005; Zou et 
al., 2006). However, there are problems due to the relatively poor wear characteristics of many 
textured surfaces.  These textures often deform or even break when subject to tribological testing 
(Due et al., 2009; Yoon et al., 2006). Although great progress has been made over the past 
several years in the area of surface texturing, there is still a need to engineer better, more durable 
surface textures (Bandorf, Luthje, Wortmann, Staedler, & Wittorf, 2003; He et al., 2008; Jiguet 
et al., 2006; Tay, Minn, & Sinha, 2011b). 
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Recent studies examined the tribological performance of patterned SU8 surfaces with and 
without perfluoropolyether (PFPE) coatings as it pertains to friction and wear (Singh, Siyuan, 
Satyanarayana, Kustandi, & Sinha, 2011; Tay, Minn, & Sinha, 2011a; Tay, Minn, & Shnha, 
2011b). Although it was found that SU8 patterns could be developed to produce low COF, 
results showed that the surfaces undergo severe wear and damage, thus indicating a need to 
develop novel surface patterns with enhanced durability (Tay et al., 2011b). It is also expected 
that the addition of diamond-like carbon (DLC) coatings could enhance the tribological 
properties of such patterned surfaces because of the known wear resistance and low coefficient 
of friction of DLC (Ding et al., 2011; Paulkowski et al., 2008; Pettersson & Jacobson, 2004; 
Singh et al., 2009; Varma, Palshin, Meletis, & Fountzoulas, 1999).  
In this study, the tribological performance of surfaces patterned with SU8 microstructures 
with and without DLC coating was investigated in an attempt to uncover novel engineered 
surfaces that maintain low frictional values while increasing overall durability through 
minimizing wear. Surface durability can be defined as the resistance of surface plastic 
deformation due to the sliding motion of a contacting surface. Textured surfaces with connected 
and isolated microstructures were examined using reciprocating friction and wear testing. The 
results show that, by designing and fabricating connected surface microstructures and covering 
them with a DLC coating, a highly durable surface can be produced for potential uses in novel 
micro-devices as well as many other applications. 
Experimental Details 
Materials 
SU8-2050 (Microchem LTD) epoxy based, i-line, negative tone photoresist was used to 
create microstructures on Si substrates. DLC coating was deposited on top of the SU8 to act as 
an outer, protective layer to help improve the wear resistance. This concept is illustrated for both 
the connected and isolated microstructures in Figure 1.  
  
 
 
 
 
 
 
 
 
 
  
    
(a)                               (b) 
Figure 1. Schematics of (a) connected and (b) isolated SU8 
microstructures covered with DLC (not to scale). 
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Fabrication   
Si (100) wafers were used as substrates for this study. The Si wafers were cleaned in an 
ultrasonic bath for 20 minutes with acetone and for another 20 minutes with isopropyl alcohol. 
The wafers were then rinsed with deionized water, blown dry with nitrogen gas, and baked at 
200 °C for 10 minutes to remove any remaining liquid. SU8 films of thickness of about 45 μm 
were formed by spin coating the SU8 photoresist on the cleaned Si wafer according to the 
Microchem SU8-2050 recipe, which outlines various spin coating parameters for desired film 
thicknesses (MicroChem, 2013). A thin layer (< 500nm) of propylene glycol methyl ether 
(PGMEA) acted as an adhesion promoter between the Si and SU8 film and was spun at 3000 
rpm on the Si wafer for 30 seconds. The SU8 film was spun at 2000 rpm for 25 seconds.           
The fabrication steps for the SU8 microstructures are as follows: (1) the SU8 photoresist 
was pre-baked at 65 °C for 6 minutes, 95 °C for 10 minutes, and then cooled for 10 minutes at 
room temperature; (2) the pre-baked SU8 was then exposed to UV light using photolithography 
for 140 seconds; (3) the exposed SU8 was then post-baked at 65 °C for 2 minutes, 95 °C for 10 
minutes, and then again at 65 °C for 9 hours; (4) the samples were then developed in 
MicroChem’s SU8 developing solution for 8 minutes to create micro-pillars; (5) the developed 
SU8 was then hard-baked at 175 °C for 1 hour. Since the SU8 photoresist is to remain as part of 
the finished product, it was necessary to hard-bake the samples to further cross-link the material 
to help maintain the good mechanical properties of SU8 (MicroChem, 2013); (6) finally, the 
samples were annealed at 250 °C for 10 minutes in an attempt to create curvature on the top of 
the microstructures.  By heating the SU8 polymer above its glass transition temperature, which is 
approximately 200 °C, the microstructures would soften and develop curvature to form a stable, 
low surface energy geometry (MicroChem, 2013; Tanaka, Umbach, & Blakely, 1997).       
Two types of SU8 microstructures were patterned on the Si wafers through 
photolithography by using plastic dark field masks with circles that had a diameter of 25 μm and 
center-to-center distances (pitches) of 50 μm and 75 μm, respectively. These values were chosen 
based on the resolution available for creating the dark field masks. When the plastic mask 
containing circles with a 50 μm pitch was placed over a Si wafer coated with SU8 film, the circle 
openings in the mask were close enough that, when the wafer was exposed to UV light, some of 
the SU8 between the circles also absorbed the UV light. Since SU8 is a negative photoresist, it 
begins to cross-link and harden when exposed to UV light. As a result, the SU8 film between the 
microstructures became partially hardened, thus linking the microstructures together. The mask 
used for the isolated microstructures had a large enough pitch that it did not allow UV rays to 
harden the SU8 between the pillars, which kept them isolated from one another.       
Samples were then coated with DLC using plasma immersion ion deposition (PIID), a 
plasma-enhanced chemical vapor deposition (PECVD) process. A detailed description of these 
processes and parameters can be found elsewhere (Wei, 2010; Yukimura & Wei, 2004; Zou et 
al., 2011).   
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Tribological Testing and Analysis 
An automatic friction abrasion analyzer (Triboster, Kyowa Interface Science Co., LTD), 
also known as a tribometer, was used to perform friction testing and measure the dynamic 
coefficients of friction (COF). This machine provides a horizontal, linear reciprocating motion of 
the sample surface relative to a fixed frictional counterpart.  
A 7 mm chrome steel ball (SUJ-2) was used as a counterpart for the friction tests. For the 
testing, a stroke of 10 mm was used with a sliding speed of 2.5 mm/s. The applied normal load 
was 0.1962 N, which was achieved by placing a 20 g mass on the balance arm of the tribometer.  
Each friction test was run for 1000 cycles. The Hertzian model was used to calculate the 
maximum contact pressure of the ball applied on the flat sample surfaces (Table 1).                                                            
The Hertz’s equation is given as:   
   
𝑃𝑜 = 1𝜋 �6𝐹𝑛𝐸𝑐2𝑅2 �13 
           (1) 
 
where Po is the maximum contact pressure, R is the effective radius of curvature, Fn is the 
normal load, and Ec is the reduced modulus of the two materials in contact and is calculated by: 
 
                                                                  1
𝐸𝑐
= 1−𝜈12
𝐸1
+ 1−𝜈22
𝐸2
                                       (2) 
 
E1, E2 and ν1, ν2 are the elastic modulus and Poisson’s ratio of the two contacting materials, 
respectively (Hertz, 1881). Poisson’s ratio and the elastic modulus of the chrome steel ball (SUJ-
2) are 0.3 and 210 GPa, respectively (Yagi, Kyogoku, & Nakahara, 2003). The Poisson’s ratio of 
the SU8 was taken to be 0.22 and the elastic modulus as 5.00 GPa (Al-Halhouli, Kampen, Krah, 
& Buttgenbach, 2008; MicroChem, 2013; Teh, Durig, Drechsler, Smith, & Guntherodt, 2005). 
For Si, the value used for Poisson’s ratio was 0.27 and the elastic modulus was 160 GPa  
(Staedler & Schiffmann, 2001b). For the microstructured sample surfaces, Hertizan contact  
analysis shows that the contact area is more than the cross section of a single microstructure. 
Therefore, based on the pitch of the SU8 microstructures, the number of microstructures per unit 
area was calculated and then multiplied by the estimated contact area between a flat surface and 
the chrome steel ball. This gave the number of microstructures in contact with the friction 
counterpart. By multiplying the number of contacting microstructures with their top area, the 
actual contact area was estimated for the connected and isolated microstructure samples. It 
should be noted that there is a degree of estimation in the calculated area and the actual area of 
the microstructure cross sections due to the variations in each individual microstructure. This 
Table 1 
Approximate maximum Hertzian contact pressure 
 
Sample Maximum Hertzian Contact Pressure (GPa) 
Si 0.31 
SU8 Film 0.04 
Connected Microstructures 0.15 
Isolated Microstructures 0.33 
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calculated contact area was used to determine the approximate maximum contact pressure, which 
is also shown in Table 1.   
An optical microscope (ME300TZ-2L-9M, AmScope) and a scanning electron 
microscope (SEM, JSM-6335F, JEOL) were used to characterize the topography and wear of the 
samples. A Dektak surface profilometer (DekTak 150, Bruker) was also used to analyze sample 
topography. 
Results 
Sample Topography and Characterization 
 Table 2 describes the samples and their classifications. Figure 2 is an SEM image of the 
connected and isolated microstructures. The diameter of the surfaces’ structures was intended to 
be 25 μm; however, the connected and isolated microstructures, as seen in Figure 2, have 
diameters of 32 μm and 30 μm, respectively. The connected microstructures have a slightly 
larger base than the isolated micro-pillars. The SU8 thickness of 45 μm was chosen to ensure that 
the Si substrate had minimal effect on the tribological results of the SU8 surface. The DLC film 
thickness is approximately 500 nm and was measured using a profilometer (DekTak 150, 
Bruker). The DLC thickness was chosen to maximize surface durability while minimizing COF. 
Profilometer scans, as seen in Figure 3, show the topographical makeup of the samples textured 
with microstructures. The non-vertical slope of the structures in Figure 3 is a result of the conical 
profilometer tip and its limited resolution. The isolated microstructures are not actually touching 
one another as Figure 3(b) might suggest. The tip itself has a radius of 12.5 μm, which causes the 
microstructures to appear closer to each other than they really are (compared to Figure 2). The  
profilometer scans are useful in that they can accurately measure the height of the 
microstructures, which is about 40 - 45 µm as seen in Figure 4, despite being limited in 
accurately determining the spacing between the structures. It should be noted that the textures’ 
non-uniform horizontal dimensions, both in spacing and top diameter, as seen in Figure 4 is a 
result of the profilometer scan and not complete alignment with the rows of the microstructures. 
This slight misalignment of the scanning tip causes each texture to have a different diameter and 
spacing between its neighboring textures when viewed as a 2D scan.  This also explains why the 
dips between the microstructures, as measured by the probe, are not at the same level with each 
other.   
 
 
Table 2 
Sample Description 
 
Sample Description 
Si Smooth Silicon 
SU8 Film 45 μm thick SU8 Film on Silicon 
Connected Microstructures 25 μm diameter with 50 μm pitch on Silicon 
Isolated Microstructures 25 μm diameter with 75 μm pitch on Silicon 
  Si + DLC Smooth Silicon + 500 nm DLC 
SU8 Film + DLC 45 μm thick SU8 Film + 500 nm DLC 
Connected Microstructures + DLC 25 μm diameter with 50 μm pitch + 500 nm DLC 
Isolated Microstructures + DLC 25 μm diameter with 75 μm pitch + 500 nm DLC 
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(a)             (b) 
Figure 2. SEM images of (a) connected and (b) isolated microstructures. 
 
 
   
Figure 3. Profilometer scans of the connected (top) and isolated 
(bottom) microstructure samples before DLC coating.  
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The connected microstructures [Figure 1 (a)] are linked together by SU8 film near the top 
of the microstructures, thus creating a lower texture aspect ratio than the isolated microstructures 
[Figure 1(b)]. This extra connection offers structural reinforcement for the microstructures, 
which in turn enhances the overall durability of the surface.  
Friction 
Friction tests were conducted in a laboratory setting in ambient air with a temperature of 
21 ± 2 °C and relative humidity of 40 ± 5%. Multiple runs were taken for each type of surface 
and the results were averaged. Figure 5 is a plot of COF versus testing cycles for all samples 
without DLC coating. Both micro-textured samples show lower COF than those of the smooth Si 
and SU8 film, which have very high COF at about 0.8. Initially, both connected and isolated 
microstructure samples show significantly lower COF values. The connected microstructure 
surface shows a very steady, yet increasing COF curve. The COF of this surface approaches the 
values of both Si and the SU8 film after about 800 cycles. On the other hand, the isolated 
microstructure surface behaves erratically, in terms of COF, despite its slight, steady decline 
after a surface failure around 150 cycles.           
DLC is known for its tribological benefits, such as slickness and hardness, and has a 
major effect on friction of the samples as seen in Figure 6. Si with DLC coating shows a 
significant reduction in COF as it drops from 0.8 to 0.4. However, the COF has large variations 
with rubbing cycles. Although it benefits from the DLC deposition, the SU8 film has a COF 
slightly higher than that of Si + DLC. The connected microstructures showed the lowest COF 
values while maintaining relatively steady COF over the entire 1000 cycles. On the other hand, 
the isolated microstructure sample, even when coated with a protective DLC layer, has higher, 
slightly increasing COF. 
 
 
 
 
 
 
Figure 4.  Cross-sectional profilometer scans of the connected 
(top) and isolated (bottom) microstructure samples.  
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Figure 5.  COF vs. sliding cycles for samples without DLC coating. 
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Figure 6. COF vs. sliding cycles for samples with DLC coating. 
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Wear 
For the purposes of this study, wear is quantified as the plastic deformation, including 
destruction and texture removal, of a surface. Although it is difficult to summarize the entire 
wear track of a particular surface with an individual image, the figures chosen best represent the 
overall wear performance of a sample. Optical and SEM images of the wear track were taken to 
characterize the wear performance of each sample. Figure 7 shows optical and SEM (insets) 
images of the Si and SU8 film samples both with and without the DLC coating. Figure 8 shows a 
magnified SEM image comparison of SU8 and SU8 + DLC wear tracks. The wear on the 
connected and isolated microstructure surfaces is seen in Figure 9 and Figure 10.  
Si and SU8 film have similar friction values, but the wear images suggest that the SU8 
film is tribologically more beneficial. The smooth Si shows a wear track width of approximately 
200 μm with large amounts of damage and debris [Figure 7(a)]. On the other hand, SU8 film has 
a much smaller wear track width of about 70 μm and less debris [Figure 7(c)]. There is more 
surface damage on the Si compared to the SU8 film because of Si’s brittle nature. Once coated 
with DLC, Si shows reduced wear track width as well as reduced damage and debris, as seen in 
Figure 7(b). Conversely, SU8 + DLC shows higher amount of wear debris and its wear track is 
narrower than the uncoated SU8 film due to increased surface hardness resulting from the DLC 
coating [Figures 7(d) and 8].   
 
 
 
 
(a) (b) 
(c) (d) 
Figure 7. Optical and SEM (insets) images of (a) Si, (b) Si+DLC, (c) SU8 film, and (d) SU8 
film+DLC. 
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The connected microstructure sample, Figure 9(a), shows exceptional wear resistance 
with a very miniscule wear track (~70 μm wide) with small amounts of debris. Even when 
zoomed in to a magnification of 1000x in Figure 10(a), the structures appear undamaged. 
Likewise, when coated with DLC [Figures 9(b) and 10(b)], the connected microstructures show 
excellent wear resistance. The smaller wear track (~19 μm) and noticeably less debris can be 
attributed to the DLC layer on top of the connected SU8 microstructures. The wear track for the 
connected microstructures with DLC is nearly impossible to see in the optical image, Figure 
9(b), because it is so small. The SEM is able to capture what little wear there is on this sample, 
as seen in Figure 10(b). Although the connected microstructures prove to be very wear resistant, 
it is obvious that the additional layer of DLC is still beneficial in that it reduces both wear and 
friction.   
Unlike the connected microstructures, the wear track of the isolated microstructure 
sample is very wide, stretching to about 1 mm [Figures 9(c) and 10(c)]. Even when coated with 
DLC, the isolated microstructures were very much damaged [Figures 9(d) and 10(d)]. The DLC 
helped prevent complete removal of the structures, as seen by the slight bumps at the bases of 
where some structures once stood, but was overall ineffective in keeping the structures standing. 
The optical image of the uncoated isolated microstructure sample [Figure 9(c)] shows several 
fallen microstructures inside the wear track.   
 
           
(a)          (b) 
Figure 8. Magnified SEM wear track images of (a) SU8 and (b) SU8 film+DLC. 
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(a)        (b) 
                        
(c)        (d) 
Figure 10. SEM wear track images of (a) connected, (b) connected + DLC, (c) isolated and (d) 
isolated + DLC microstructures. 
                       
(a)         (b) 
              
 (c)         (d) 
Figure 9. Optical wear track images of (a) connected, (b) connected + DLC, (c) isolated, and (d) 
isolated + DLC microstructures. 
Very small 
wear track 
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Discussion 
Smooth Si and SU8 Film 
The brittle nature of Si causes a higher degree of wear in comparison to the SU8 film. 
However, the DLC coating has a more profound effect on Si than it does on SU8 film, as seen in 
Figure 7. The noticeably higher amounts of debris on SU8 + DLC [Figures 7(d) and 8(b)] are 
caused by a higher contact pressure due to the reduced area of contact that is generated by what 
is known as a plate bending effect; this occurs when a hard coating is placed on top of a softer 
substrate, in this case the DLC on SU8 film (Staedler & Schiffmann, 2001a; Staedler & 
Schiffmann, 2001b). The addition of DLC to the smooth surfaces is beneficial in terms of 
reducing frictional forces; however, it provides better wear resistance improvements for the Si 
surface when compared with the SU8 film surface.       
Connected and Isolated Microstructures  
The smaller COF exhibited by the micro-textured samples is because of the reduced area 
of contact [Figure 5].  By successfully reducing the area of contact between the sliding 
counterpart and the sample, the COF was reduced. As the test progresses, the surface can 
produce small amounts of debris due to wear, which causes COF to rise. In the case of the 
connected microstructure sample, the surface most likely developed enough debris to affect the 
sliding counterpart and increase the COF. While it is very difficult to see the wear track in Figure 
9(a), Figure 10(a) illustrates a clearer buildup of debris along the wear track. Also, SU8’s 
relatively soft nature leads to a large deformation, which causes an increase in surface contact 
area. This is reflected from the COF data since the connected microstructure sample begins to 
approach the friction behavior of SU8 film.   
In the case of the isolated microstructure sample, the initial positive slope and erratic 
behavior indicates a surface failure soon after testing. Surface characterizations after the friction 
test clearly indicate the isolated SU8 microstructures were not able to withstand the horizontal 
shearing of the counterpart, as seen in Figures 9(c) and 10(c). The area of adhesion of SU8 on the 
Si substrate is directly related to the mechanical strength of the microstructures. In a recent 
study, it was found that the adhesion strength of SU8 on Si grows not linearly but almost 
exponentially with an increased contact area between a substrate and an SU8 structure (Blanco 
Carballo et al., 2009). In fact, it was shown that a square texture with a side of 100 μm could be 
sheared off an aluminum (Al) substrate with a force of as little as 20 gf (Blanco, Carballo, et al., 
2009). Even though SU8 has better adhesion to Si than Al, the sheer force required to remove a 
small structure, such as the isolated microstructures in this study, would be relatively small 
(MicroChem, 2013). This being the case, the isolated microstructures were easily removed from 
the Si substrate mainly because of the small contact area for adhesion between the two materials.  
On the other hand, the connected microstructures are structurally strong because of the larger 
adhesion area between the SU8 and the Si as well as the microstructure connections to each 
other.      
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It should be noted that the COF curve of the isolated microstructure sample begins to 
decrease after the initial surface failure. This is likely due to the removed microstructures, as 
seen in Figures 9(c) and 10(c), rolling along the surface in the wear track, thus almost acting as 
roller bearings with much reduced friction for the point contact. In order to confirm the 
assumption of the removed structures acting as roller bearings, it would be necessary to evaluate 
video footage of the friction tests themselves.  Unfortunately, this is beyond the current 
capabilities for this study. Also, despite the increased contact pressure, this would in turn further 
reduce the contact area between the sliding counterpart and the sample and thus reduce friction 
even more.  Similar to the isolated microstructure sample without DLC, the sliding point contact 
has damaged and removed the DLC coated isolated micro-textures, as seen in Figures 9(d) and 
10(d). However, in the case of isolated microstructure coated with the DLC layer, there was most 
likely a larger plowing effect caused by the counterpart as it pushed broken and damaged 
textures along the wear track, which would cause higher COF than the smooth surfaces and the 
connected microstructure surface [Figures 6 and 9(d)]. This was observed by a large buildup of 
removed structures at the edges and ends as well as along the wear track. Although textures were 
destroyed and removed, the relatively high friction values for the isolated microstructure sample 
resulted from no broken microstructures rolling beneath the sliding point contact to act as roller 
bearings during these friction tests.         
It should be noted that the connected microstructure surface appears different when 
comparing optical and SEM images. This visual discrepancy is because of the greater depth of 
focus an SEM has over an optical microscope. The combination of optical and SEM images of 
the wear tracks provides multiple perspectives of the wear tracks to give a better overall 
understanding of the samples’ tribological performance.   
Conclusion 
 It was confirmed that the poor friction and wear characteristics of Si are greatly improved 
with a layer of DLC. This coincides with similar findings in various other studies (Liu et al., 
2001; Singh et al., 2009; Varma et al., 1999). In addition, SU8 film has better wear 
characteristics compared to Si because of its relatively soft nature. The application of a DLC 
layer on the SU8 film reduces COF and wear track width but is not as tribologically beneficial as 
Si + DLC.   
The isolated microstructures were completely removed from the surface after wear 
testing. The DLC coating did not help prevent structure damage. The connected microstructures 
showed an initial reduction in frictional forces before they began to steadily rise toward values 
similar to Si and SU8 film. The deposition of DLC helped the connected microstructure surface 
maintain a low COF. Also, the connected microstructures provide a sturdy, reinforced surface 
that shows minimal wear. Overall, surfaces patterned with connected SU8 microstructures coated 
with DLC exhibit low COF, while at the same time creating very little wear or debris. Surfaces 
such as these show promise for lowering frictional forces and simultaneously preventing extreme 
wear.      
 
82
14
Inquiry: The University of Arkansas Undergraduate Research Journal, Vol. 15 [2013], Art. 7
http://scholarworks.uark.edu/inquiry/vol15/iss1/7
MECHANICAL ENGINEERING:  Luke Osborn 
INQUIRY, Volume 15 
 
References 
Abgrall, P., Conedera, V., Camon, H., Gue, A., &, Nguyen, N. T. (2007). SU-8 as a structural 
material for labs-on-chips and microelectromechanical systems. Electrophoresis, 28(24), 
4539-4551. 
Al-Halhouli, A., Kampen, I., Krah, T., & Buttgenbach, S. (2008). Nanoindentation testing of SU-
8 photoresist mechanical properties. Microelectronic Engineering, 85(5-6), 942-944. 
Bandorf, R., Luthje, H., Wortmann, A., Staedler, T., & Wittorf, R. (2003). Influence of substrate 
material and topography on the tribological behaviour of submicron coatings. Surface and 
Coatings Technology, 174-175, 461-464. 
Blanco Carballo, V. M., Melai, J., Salm, C., & Schmitz, J. (2009). Moisture resistance of SU-8 
and KMPR as structural material. Microelectronic Engineering, 86(4-6), 765-768. 
Del Campo, A., & Greiner, C. (2007). SU-8: A photoresist for high-aspect-ratio and 3D 
submicron lithography. Journal of Micromechanics and Microengineering, 17(6), R81-R95. 
Ding, Q., Wang, L., Wang, Y., Wang, S. C., Hu, L., & Xue, Q. (2011). Improved tribological 
behavior of DLC films under water lubrication by surface texturing. Tribology Letters, 
41(2), 439-449. 
Due, C. P., Na, K., Yang, S., Kim, J., & Yoon, E. S. (2009). Microtribological properties of 
topographically-modified polymeric surfaces with different pitches. Journal of the Korean 
Physical Society, 55(4), 1416-1424.  
Foulds, I. G., & Parameswaran, M. (2006). A planar self-sacrificial multilayer SU-8-based 
MEMS process utilizing a UV-blocking layer for the creation of freely moving parts. 
Journal of Micromechanics and Microengineering, 16(10), 2109-2115. 
He, B., Chen, W., & Wang, Q. J. (2008). Surface texture effect on friction of a microtextured 
poly(dimethylsiloxane) (PDMS). Tribology Letters, 31(3), 187-97.  
Hertz, H. (1881). On the contact of elastic solids. Journal Für Die Reine Und Angewandte 
Mathematik, 92, 156-171.  
Jiguet, S., Judelewicz, M., Mischler, S., Bertch, A., & Renaud, P. (2006). Effect of filler 
behavior on nanocomposite SU8 photoresist for moving micro-parts. Microelectronic 
Engineering, 83(4-9), 1273-1276. 
Jiguet, S., Bertsch, A., Judelewicz, M., Hofmann, H., & Renaud, P. (2006). SU-8 nanocomposite 
photoresist with low stress properties for microfabrication applications. Microelectronic 
Engineering, 83(10), 1966-1970. 
Li, B., Liu, M., & Chen, Q. (2005). Low-stress ultra-thick SU-8 UV photolithography process 
for MEMS. Journal of Microlithography, Microfabrication and Microsystems, 4(4). 
doi:10.1117/1.2117108 
Liu, H., Ahmed, S. I. M., & Scherge, M. (2001). Microtribological properties of silicon and 
silicon coated with diamond like carbon, octadecyltrichlorosilane and stearic acid cadmium 
salt films: A comparative study. Thin Solid Films, 381(1), 135-142.  
Lorenz, H., Despont, M., Fahrnl, N., LaBianca, N., Renaud, P., & Vettiger, P. (1997). SU-8: A 
low-cost negative resist for MEMS. Seventh Workshop on Micromachining, 
Micromechanics and Microsystems in Europe, MME 1996, 7(3) 121-124. 
Menezes, P. L., Kishore, Kailas, S. V., & Lovell, M. R. (2010). Response of metals and polymers 
during sliding: Role of surface texture. STLE/ASME 2010 International Joint Tribology 
Conference, IJTC2010, October 17, 2010 - October 20, 267-269.  
MicroChem. (2013).Innovative chemical solutions for MEMs and microelectronics. Retrieved 
from http://Microchem.com/ 
83
15
Osborn: Enhanced Tribological Properties of Surfaces Patterned with SU8/D
Published by ScholarWorks@UARK, 2013
MECHANICAL ENGINEERING:  Luke Osborn 
INQUIRY, Volume 15 
 
Morton, B. D., Wang, H., Fleming, R. A., & Zou, M. (2011). Nanoscale surface engineering with 
deformation-resistant core-shell nanostructures. Tribology Letters, 42(1), 51-58.  
Paulkowski, D., Bandorf, R., Achilles, S., Pape, F., Gatzen, H., & Brauer, G. (2008). Studies on 
diamond-like carbon coatings for the application in micro actuators. Advanced Engineering 
Materials, 10(7) 644-647. doi:10.1002/adem.200800051 
Pettersson, U., & Jacobson, S. (2004). Friction and wear properties of micro textured DLC 
coated surfaces in boundary lubricated sliding. Tribology Letters, 17(3), 553-559. 
Seidemann, V., Butefisch, S., & Buttgenbach, S. (2001). Application and investigation of in-
plane compliant SU8-structures for MEMS. Proceedings of 11th International Conference 
on Solid State Sensors and Actuators Transducers '01/Eurosensors XV, 2, 1616-1619.  
Singh, R. A., Duc-Cuong P., Kim, J., Yang, S., & Yoon, E. S. (2009). Bio-inspired dual surface 
modification to improve tribological properties at small-scale. Applied Surface Science, 
255(9), 4821-4828.  
Singh, R. A., Siyuan, L., Satyanarayana, N., Kustandi, T. S., & Sinha, S. K. (2011). Bio-inspired 
polymeric patterns with enhanced wear durability for microsystem applications. Materials 
Science and Engineering C, 31(7), 1577-1583. 
Singh, R. A., Yoon, E., Kim, H. J., Kong, H., Park, S., Jeong, H. E., & Suh, K. Y. (2007). 
Enhanced tribological properties of lotus leaf-like surfaces fabricated by capillary force 
lithography. Surface Engineering, 23(3), 161-164.  
Staedler, T., & Schiffmann, K. (2001a). Correlation of nanomechanical and nanotribological 
behavior of thin DLC coatings on different substrates. 19th European Conference on 
Surface Science, 482-485, 1125-1129.  
Staedler, T., & Schiffmann, K. (2001b). Influence of tipradius and substrate on the 
nanotribological characterization of thin DLC coatings. MRS Proceedings, 649 Q9.3.1-
Q9.3.6. doi:10.1557/PROC-649-Q9.3 
Tanaka, S., Umbach, C. C., & Blakely, J. (1997). Annealing instabilities in small fabricated 
structures. Surface Science, 372(1-3), 298-300. 
Tay, N. B., Minn, M., & Sinha, S. K. (2011a). Polymer jet printing of SU-8 micro-dot patterns 
on Si surface: Optimization of tribological properties. Tribology Letters, 42(2), 215-222. 
Tay, N. B., Minn, M., & Sinha, S. K. (2011b). A tribological study of SU-8 micro-dot patterns 
printed on si surface in a flat-on-flat reciprocating sliding test. Tribology Letters, 44(2), 167-
176. 
Teh, W. H., Durig, U., Drechsler, U., Smith, C. G., & Guntherodt, H. (2005). Effect of low 
numerical-aperture femtosecond two-photon absorption on (SU-8) resist for ultrahigh-
aspect-ratio microstereolithography. Journal of Applied Physics, 97(5), 54907-54911. 
doi:10.1063/1.1856214 
Varma, A., Palshin, V., Meletis, E. I., & Fountzoulas, C. (1999). Tribological behaviour of si-
DLC coatings. Surface Engineering, 15(4), 301-306.  
Wei, R. (2010). Development of new technologies and practical applications of plasma 
immersion ion deposition (PIID). Surface and Coatings Technology, 204(18-19), 2869-
2874. 
Williams, J. A., & Le, H. R. (2006). Tribology and MEMS. Journal of Physics D: Applied 
Physics, 39(12), R201-R214. doi:10.1088/0022-3727/39/12/R01 
Yagi, K., Kyogoku, K., & Nakahara, T. (2003). Mechanism of dimple formation under 
elastohydrodynamic conditions. Tribology Series, 41, 111-120.  
84
16
Inquiry: The University of Arkansas Undergraduate Research Journal, Vol. 15 [2013], Art. 7
http://scholarworks.uark.edu/inquiry/vol15/iss1/7
MECHANICAL ENGINEERING:  Luke Osborn 
INQUIRY, Volume 15 
 
Yoon, E., Singh, R. A., Kong, H., Kim, B., Kim, D., Jeong, H. E., & Suh, K. Y. (2006). 
Tribological properties of bio-mimetic nano-patterned polymeric surfaces on silicon wafer. 
Tribology Letters, 21(1), 31-37.  
Yoon E. S., Singh, R. A., Oh, H. J., & Kong, H. (2005). The effect of contact area on 
nano/micro-scale friction. Wear, 259(7-12), 1424-31.  
Yukimura, K., & Wei, R. (2004). Plasma-ion processing of three-dimensional components. 22nd 
Summer School and International Symposium on the Physics of Ionized Gases, 740, 132-
147. doi:10.1063/1.1843501 
Zhang, J., Tan, K. L., & Gong, H. Q. (2001). Characterization of the polymerization of SU-8 
photoresist and its applications in micro-electro-mechanical systems (MEMS). Polymer 
Testing, 20(6), 693-701.  
Zou, M., Beckford, S., Wei, R., Ellis, C., Hatton, G., & Miller, M. A. (2011). Effects of surface 
roughness and energy on ice adhesion strength. Applied Surface Science, 257(8), 3786-
3792.  
Zou, M., Cai, L., Wang, H., Yang, D., & Wyrobek, T. (2005). Adhesion and friction studies of a 
selectively micro/nano-textured surface produced by UV assisted crystallization of 
amorphous silicon. Tribology Letters, 20(1), 43-52.  
Zou, M., Seale, W., & Wang, H. (2005). Comparison of tribological performances of nano- and 
micro-textured surfaces. Journal of Nanoengineering and Nanosystems, 219(3), 103-110. 
doi:10.1243/17403499JNN43 
Zou, M., Wang, H., Larson, P. R., Hobbs, K. L., Johnson, M. B., & Awitor, O. K. (2006). Ni 
nanodot-patterned surfaces for adhesion and friction reduction. Tribology Letters, 24(2), 
137-142. doi:10.1007/s11249-006-9157-x 
  
 
 
 
 
 
  
85
17
Osborn: Enhanced Tribological Properties of Surfaces Patterned with SU8/D
Published by ScholarWorks@UARK, 2013
MECHANICAL ENGINEERING:  Luke Osborn 
INQUIRY, Volume 15 
 
LIST OF FIGURE CAPTIONS 
 
Figure 1.   Schematics of (a) connected and (b) isolated SU8 microstructures covered with 
DLC (not to scale). 
Figure 2.   SEM images of (a) connected and (b) isolated microstructures. 
Figure 3.   Profilometer scans of the connected (top) and isolated (bottom) microstructure 
samples before DLC coating. 
Figure 4.   Cross-sectional profilometer scans of the connected (top) and isolated (bottom)  
microstructure samples. 
Figure 5.   COF vs. sliding cycles for samples without DLC coating. 
Figure 6.   COF vs. sliding cycles for samples with DLC coating. 
Figure 7.   Optical and SEM (insets) images of (a) Si, (b) Si + DLC, (c) SU8 film, and (d) 
SU8 film + DLC. 
Figure 8.   Magnified SEM wear track images of (a) SU8 and (b) SU8 film + DLC. 
Figure 9.   Optical wear track images of (a) connected, (b) connected + DLC, (c) isolated, 
and (d) isolated + DLC microstructures. 
Figure 10.  SEM wear track images of (a) connected, (b) connected + DLC, (c) isolated and 
(d) isolated + DLC microstructures. 
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